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MALE FERTILITY REDUCED BY CHRONIC INTERMITTENT HYPOXIA IN MICE

Male Fertility Is Reduced by Chronic Intermittent Hypoxia Mimicking Sleep

Apnea in Mice
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Study Objectives: Obstructive sleep apnea (OSA) is characterized by intermittent hypoxia and oxidative stress. However, it is unknown whether
intermittent hypoxia mimicking OSA modifies male fertility. We tested the hypothesis that male fertility is reduced by chronic intermittent hypoxia
mimicking OSA in a mouse model.

Design: Case-control comparison in a murine model.

Setting: University research laboratory.

Participants: Eighteen F1 (C57BL/6xCBA) male mice.

Interventions: Mice were subjected to a pattern of periodic hypoxia (20 sec at 5% O, followed by 40 sec of room air) 6 h/day for 60 days or
normoxia. After this period, mice performed a mating trial to determine effective fertility by assessing the number of pregnant females and fetuses.
Measurements and Results: After euthanasia, oxidative stress in testes was assessed by measuring the expression of glutathione peroxidase
1 (Gpx1) and superoxide dismutase-1 (Sod1) by reverse-transcription polymerase chain reaction. Sperm motility was determined by Integrated
Semen Analysis System (ISAS). Intermittent hypoxia significantly increased testicular oxidative stress, showing a reduction in the expression of
Gpx1 and Sod1 by 38.9% and 34.4%, respectively, as compared with normoxia (P < 0.05). Progressive sperm motility was significantly reduced
from 27.0 £ 6.4% in normoxia to 12.8 + 1.8% in the intermittent hypoxia group (P = 0.04). The proportion of pregnant females and number of
fetuses per mating was significantly lower in the intermittent hypoxia group (0.33 + 0.10 and 2.45 + 0.73, respectively) than in normoxic controls
(0.72 +0.16 and 5.80 + 1.24, respectively).

Conclusions: These results suggest that the intermittent hypoxia associated with obstructive sleep apnea (OSA) could induce fertility reduction in
male patients with this sleep breathing disorder.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a prevalent chronic dis-
ease, particularly in men.'? It is characterized by repeated ep-
isodes of total or partial collapse of the upper airway during
sleep. These respiratory events cause intermittent hypoxemia,
increased negative intrathoracic pressures, and sleep fragmen-
tation. The cardiovascular,** metabolic,>® neurocognitive,”®
and, more recently, neoplastic®'* consequences of OSA have
been widely investigated and substantiated both at the experi-
mental and clinical levels. Systemic and organ-specific oxida-
tive stress triggered by intermittent hypoxia is thought to play a
key role in developing these mid- and long-term consequences
of OSA."

In a quite different context, oxidative stress has been found
to be the main cause of a growing number of cases of male
infertility. Indeed, systemic oxidative stress, which is enhanced
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as a result of smoking, alcohol abuse, and exposure to toxins,
inflammatory processes, or several chronic diseases, reduces
male fertility.!> Specifically, severe respiratory dysfunctions
such as chronic obstructive pulmonary disease or pulmonary
alveolar proteinosis, which are associated with systemic hypox-
emia, have been related to testicular function impairment." It is
noteworthy that in idiopathic male infertility, which includes
approximately 50% of cases,' higher seminal production of
reactive oxygen species (ROS) and lower antioxidant capacity
have been reported.'* Moreover, there is evidence that the poly-
unsaturated fatty acids of the sperm membrane are very sus-
ceptible to peroxidation by ROS, and that lipid peroxidation
could result in morphologic sperm alteration.'® In fact, seminal
oxidative stress assessment, either by quantifying ROS or total
antioxidant capacity, is an independent predictor of male infer-
tility'”'® and low antioxidant capacity is related to poor sperm
parameters."’

Given that OSA induces oxidative stress and that this chal-
lenge reduces male fertility, it could be expected that a potential
consequence of OSA could lead to the reduction of fertility in
male patients with this sleep breathing disorder, particularly in
severe cases with hypoxic events of considerable magnitude.
Although a connection between low male fertility, obesity, and
OSA has been recently suggested on theoretical bases,” nei-
ther clinical nor experimental data are currently available to
substantiate this potentially complex relationship. To test the
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hypothesis that OSA-induced hypoxic events reduce male fer-
tility, we have carried out an experimental study on a well-con-
trolled mouse model of chronic intermittent hypoxia mimicking
OSA. Specifically, we have investigated whether intermittent
hypoxia induces events of hypoxia/reoxygenation in testicular
tissue, enhances testicular oxidative stress, and results in reduc-
tion of sperm motility. Moreover, we have carried out a mating
test to determine whether male fertility is actually decreased
in mice subjected to an intermittent hypoxia pattern simulating
the one observed in patients with severe OSA.

MATERIAL AND METHODS

Animals

This study, which was approved by the Ethical Committee
for Animal Research of the University of Barcelona, was con-
ducted on a total of 44 pathogen-free F1 (C57BL/6xCBA) male
mice (Charles River Laboratories, Saint Germain sur L’arbresle,
France). The animals were housed in standard cages and had
tap water and food ad libitum and kept in a temperature- and
light- controlled room (22-24°C, 12L:12D).

System for Applying Chronic Intermittent Hypoxia

Chronic intermittent hypoxia was applied by a previously
described setting’® Briefly, a continuous flow of gas circulated
through a box (26 cm long, 18 cm wide, 6 cm high) by means
of a distribution system based in multiple orifices. A pneumatic
valve placed near the inlet of the box cyclically switched from
the room air entrance (40 sec) to a gas reservoir of hypoxic air
at an oxygen fraction of 5% (20 sec). Therefore, intermittent
hypoxia with a frequency equivalent to 60 apneas/h, which is
representative of severe OSA, was applied to the mice placed
in the box. To subject control mice to normoxic breathing, the
animals were placed in a box identical to the one for intermit-
tent hypoxia, but the gas reservoir of 5% O, air was replaced by
room air. Accordingly, both groups of mice were subjected to
exactly the same protocol with the only difference of breathing
normoxic or intermittently hypoxic air.

Measurement of Testicular Hypoxia/Reoxygenation

In a first series of experiments we determined whether
breathing the intermittent hypoxic air translated into hypoxia-
reoxygenation at the testicular level. Tissue partial pressure
of oxygen in the testicles (PtO,) was measured in six anes-
thetized (urethane 20%, 1g/kg) 12-w-old mice. After shaving
and cleaning the underlying skin of the abdomen, a transverse
incision under the penis was made to expose the testicle. A
second minimal incision was made in the scrotal sac and
tunica to insert a fast-response Clark polarographic oxygen
microelectrode pipette (OX-50, Unisense A/S, Denmark; 50
um diameter, 90% response time < 2 sec) 3 mm below the
testicular surface. When a stable baseline recording was ob-
tained, intermittent hypoxia was applied with a nasal mask for
15 min. The time course of PtO, was measured by the oxygen
microelectrode, connected to an amplified picoammeter (Uni-
sense A/S, Denmark) previously calibrated in water at 100%
0,, 21% 0O, and oxygen-free solution (NaOH 0.1 M, sodium
ascorbate 0.1 M) and recorded (MicOX software, Unisense
A/S). Arterial oxygen saturation (SaO,) was also measured
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and recorded by pulse oximetry (MouseOx Plus, Starr Life
Sciences Corp).”!

Effect of Intermittent Hypoxia on Testicular Oxidative Stress and
Sperm Motility

A second series of experiments was aimed at assessing the
effect of 30-day exposure to intermittent hypoxia into oxidative
stress in testicular tissue and sperm motility in young animals.
To this end, 20 mice (12 w old) were randomly separated into
two groups (control and intermittent hypoxia; n = 10 each) and
weighted (25.5 £ 0.6 g and 26.0 + 0.3, mean + standard error
(m =+ SE) in the normoxia and intermittent hypoxia groups, re-
spectively; P = 0.53, t-test). The animals were placed into the
experimental cage and subjected to intermittent hypoxia or nor-
moxia for 6 h per day during the light period (10:00-16:00),
which corresponds to the sleep time in rodents. After 30 days
under intermittent hypoxia or normoxia, the mice were eutha-
nized by exsanguination. Sperm were released from the epidid-
ymis to carry out a conventional seminogram to measure total
motility and progressive motility values. Viability and sperm
counts were also analyzed. To evaluate spermatozoa motility
and progressive motility, testis, epididymis, and vas deferens
were removed. Fat and veins dissected away from the vas def-
erens to avoid contamination. Moreover, the testicles were ex-
cised and stored at -80 °C to determine glutathione peroxidase 1
(Gpx1), superoxide dismutase 1 (Sodl) and catalase (Cat) by
reverse-transcription polymerase chain reaction (RT-PCR).

Sperm Motility Measured by Seminogram

Sperm were placed into a 35 mm-well containing 500 puL of
M2 medium (Sigma-Aldrich, St, Louis, MO, US) by exerting
soft pressure from the cauda epididymis to the end of the vas
deferens with the help of watchmaker’s tweezers. The sperm
sample was incubated at 37°C for 15 min until the sperm were
homogeneously distributed in the M2 drop. A sample of 25
pL from the surface of the drop (swim-up) was placed on a
microscope slide to obtain quantitative sperm motility vari-
ables. Sperm motility and progressive sperm motility mea-
surements were analyzed using an Integrated Semen Analysis
System (ISAS, Proiser, Valencia, Spain).”? The parameters
used for this analysis were smoothed path velocity, track ve-
locity, straightness (ratio of straight line velocity/average path
velocity, VSL/VAP), and amplitude of lateral head placement,
based on total motility, progressive motility, and speed (static,
medium and slow sperm cells). For sperm counts, a sample
of sperm was diluted 1/10 in milli-Q water and 10 pL were
placed in a Biirker chamber to obtain sperm cells concentra-
tions (million spermatozoa/mL) using a standard procedure.
Viability was determined considering percentages of live and
dead sperm cells using a live-cell nucleic acid stain, SYBR-14,
in combination with the conventional dead-cell nucleic acid
stain, propidium iodide® using the live/dead sperm viability
kit (Molecular Probes, Eugene, OR). Briefly, 0.8 mL of 20 mM
SYBR-14 working solution and 1.2 ml of 2.4 mM propidium
iodide working solution were added to 50 mL of the sperm
suspension (2-3 x 10° sperm cells/mL) and incubated at 37°C
for 15 min. After 15 min, 20 mL of the sperm suspension were
loaded on a glass slide, covered with a coverslip, and immedi-
ately observed under a fluorescent microscope equipped with
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appropriate filters. SYBR-14 stains green the nucleus of live
sperm, whereas dead or membrane-damaged spermatozoa are
stained red by the propidium iodide.

Assessment of Oxidative Stress

The techniques for analysis of marker gene expression by
RT-PCR have been described in detail previously.?* Total RNA
was extracted from testis of mice under intermittent hypoxia
or normoxia using Trizol Reagent (Invitrogen, Life Technolo-
gies, Madrid, Spain) following the manufacturer’s instruc-
tions with some modifications. Immediately, real-time reaction
was performed according to the manufacturer’s instructions
(Gibco-BRL, Grand Island, NY); 0.2 mM oligo (dT), 0.5 mM
of random primers were added to messenger RNA (mRNA)
extraction and heated 5 min at 70°C. After that, heat-denatured
(65°C, 2 min) and reverse-transcribed at 42 °C for 60 min, in-
activation at 70°C 10 min in final volume of 40 pL containing
0.5 mM of each dNTP, M-MLV RT (0.5 pL), RNasin (0.2 pL)
and 10x M-MLV RT buffer with 8 mM Dithiothreitol (DTT)
was performed. The quantification of all mRNA transcripts was
performed by real-time quantitative (q) RT-PCR using a Rotor-
gene 6000 Real Time CyclerTM (Corbett Re- search, Sydney,
Australia) and SYBR Green (Molecular Probes, Eugene, OR)
as a double-stranded DNA-specific fluorescent dye. PCR was
performed by adding a 2-uL aliquot of each sample to the PCR
mix (Quantimix Easy Sig Kit, Biotools) containing the specific
primers to amplify Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as housekeeping (5-AGGTCGGTGTGAACG-
GATTTG and 5-TGTAGACCATGTAGTTGAGGTCA, gluta-
thione peroxidase 1 (Gpx1) (5'-GCAACCAGTTTGGGCATCA
and 5-CTCGCACTTTTCGAAGAGCATA), and superoxide
dismutase 1 (Sodl) (5'-GTGCAAGGCACCATCCACTTCG
and 5-CACCATCGTGCGGCCAATGATG and catalase (Cat)
(5'-CCGACCAGGGCATCAAAA and 5'-GAGGCCATAATC-
CGGATCTTC). The PCR protocol included an initial step of
94°C (2 min), followed by 35 cycles of 94°C (15 sec), 56°C
(30 sec), and 72°C (30 sec). The melting protocol consisted of
holding at 40°C for 60 sec and then heating from 50°C to 94°C,
holding at each temperature for 5 sec while monitoring fluo-
rescence. For qRT-PCR, six (hypoxia) and five (control) groups
of complementary DNA were used with two repetitions for all
genes of interest. As negative controls, we always supplied
sample for water. The comparative cycle threshold (CT) method
was used to quantify expression levels. Quantification was nor-
malized to the endogenous control GAPDH. Fluorescence was
acquired in each cycle to determine the threshold cycle or the
cycle during the log-linear phase of the reaction at which fluo-
rescence increased above background for each sample. Within
this region of the amplification curve, a difference of one cycle is
equivalent to doubling of the amplified PCR product. According
to the comparative CT method, the ACT value was determined
by subtracting the GAPDH CT value for each sample from each
gene CT value of the sample. Calculation of AACT involved
using the highest sample ACT value (i.e., the sample with the
lowest target expression) as an arbitrary constant to subtract
from all other ACT sample values. Fold changes in the relative
gene expression of the target were determined using the formula
2-%4CT Data on mRNA expression were analyzed using the Prism
5 (GraphPad Software, La Jolla, CA, US) software package.
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Effect of Intermittent Hypoxia on Male Fertility

The third series of experiments was carried out to determine
the actual effect of a long period of intermittent hypoxia on the
fertility of middle-aged male mice. A conventional mating test
was conducted.”? The same protocol of intermittent hypoxia
(and normoxia in controls) was applied to a group of 18 old
mice (age: 12 mo) for 60 days. The animals were randomly
separated into two groups (8 and 10 mice for the normoxia
and intermittent hypoxia groups, respectively) and weighted
(35.0 £ 2.2 g and 36.8 £ 2.3 g, respectively; P = 0.57, t-test).
After the 2-mo exposure to intermittent hypoxia or normoxia,
all mice performed an in vivo fertility test. Three virgin female
CD1 mice of 8-12 w of age were partnered with each male on
5 consecutive days. Every day during cohabitation, females
were examined for vaginal plugs as evidence of mating. At the
end of the mating test, the males were euthanized by cervical
dislocation and the epididymis and testis were excised to as-
sess testicular oxidative stress and sperm motility as described
previously. On gestation day 14, females were euthanized using
CO, and the variables percentage of pregnant females, resorp-
tions per litter, and litter size were recorded. Live fetuses were
euthanized after examination.

Data Analysis

The results are presented as mean + SE. Comparisons be-
tween baseline, maximum, and minimum values of PtO, or
Sa0, were performed by means of paired #-tests. Differences
in mRNA expression were analyzed by one-way repeated-mea-
sures analysis of variance with arcsine data transformation and
significance determined by using the Holm-Sidak post hoc test.
Comparison between groups of data from seminograms and
mating tests were performed by means of #-tests or the Mann-
Whitney rank-sum test as required. A P value < 0.05 was con-
sidered statistically significant.

RESULTS

As a result of breathing intermittent hypoxic air, the mice
experienced cyclic changes in SaO, ranging from maxima
of 954 + 0.1% (similar to baseline values) to minima of
62.3 £ 3.5% (P < 0.001), thereby mimicking those observed
in patients with severe OSA (Figure 1, top). Measurement of
local oxygenation at the testes indicated that their tissues were
subjected to considerable oscillations of oxygen partial pres-
sure ranging from 11.1 + 1.6 mmHg (similar to baseline figures)
down to 3.6 £ 1.5 mmHg (P < 0.001) (Figure 1, bottom), indi-
cating that the testicles were actually subjected to fast cyclic
events of hypoxia-reoxygenation.

After 30 days under intermittent hypoxia, increased oxida-
tive stress was detected at the testicular level of the young mice
since the expressions of two main antioxidant enzymes (Gpx1
and Sod1) were significantly reduced by 37% and 57%, respec-
tively, as compared with controls (P < 0.05) (Figure 2, top).
No significant differences were observed in the expression of
catalase. The markers of oxidative stress experienced a similar
behavior in the middle-aged mice breathing hypoxic air for 60
days, showing a reduction in the expressions of Gpx1 and Sod1
of 39% and 34%, respectively (P < 0.05) (Figure 2, bottom).

Progressive sperm motility was significantly reduced
(P <0.04) by intermittent hypoxia in the young males subjected

Intermittent Hypoxia Reduces Male Fertility—Torres et al.



100

- ¥ v v
\ I ™ i
1 1
\ 1\
90+ I [
\ 1\
[ /
\ o
[ I
\ 1 \
[ |
\ i \ 1 \
\ h \ ! \ !
\ 1 \ ! \ ,'
\ h \ i \
—_— — \ 1 1 \ !
2 80 \ i \ | \ !
S \ [}
= \ ! \ ! \ I
1 !
o~ \ 1 \\ ! \ !
o Vo L o
3] Vo \ 1 \ i
» 70 vV (S I

e=sf
ot

50 | | | |
0 1 2 3
Time (min)
14
12 %
\ 1 1 1
10
a \\\ fll ‘\\ l” \\\ III
T 8 — \‘ ,l \\ ,1 \\ /
E \‘ ll \\ /I \\ I’l
\ 1 \ 1 \
~— ] \ 1 \ i \ Il
N 6 ‘\ I’ ‘\ :l \\\ 1
g \\‘%’Il ‘\‘%’ ! \\ ,f’
4 0
2 -
0 T T T T
0 1 2 3
Time (min)

Figure 1—Time course of arterial oxygen saturation (SaO,) (top) and
testicular oxygen partial pressure (PtO,) (bottom). Baseline Sa0, value,
represented by the open circle (94.9 £ 1.9%), was similar to maximal
values (95.4 = 0.1%) and significantly different from the minima of
62.3 + 3.5% (P <0.001). Testicular PtO, oscillated from 11.1 + 1.6 mmHg

(similar to baseline value: 11.7 + 1.4, represented by the open square)
down to 3.6 £ 1.5 mmHg (P < 0.001).
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Figure 2—Relative gene expression of antioxidant enzymes glutathione
peroxidase 1 (Gpx1) and superoxide dismutase-1 (Sod1) of young (top)
and middle-aged mice (bottom). Gpx1 and Sod1 expression in young
mice subjected to 30-day intermittent hypoxia was reduced by 37%
and 57%, respectively (P < 0.05). In middle-aged mice subjected to 60-
day intermittent hypoxia the reduction was 39% and 34%, respectively
(P <0.05). IH, intermittent hypoxia; mRNA, messenger RNA; N, normoxia.

to 30 days of intermittent hypoxia: from 31.5 + 3.5% in the
normoxic group to 22.9 + 1.8% (Figure 3, top). No significant
differences were observed in the other sperm parameters (total
sperm concentration, viability, and apoptosis; data not shown).
The decrease in progressive sperm motility was even greater
in the middle-aged mice subjected to 60 days of intermittent
hypoxia in comparison with their normoxic controls: from
27.0 + 6.4% in normoxia to 12.8 = 1.8% (P = 0.045) (Figure 3,
bottom).

Intermittent hypoxia caused a marked decrease in actual male
fertility. The number of pregnant females per mating was sig-
nificantly higher (P = 0.04) in the normoxic group (0.72 + 0.16)
than in the intermittent hypoxia group (0.33 £+ 0.10) (Figure 4,
top). Moreover, the number of fetuses per mating was reduced
in the intermittent hypoxia group (2.45 £ 0.73) when compared
to normoxic controls (5.80 + 1.24) (P = 0.02) (Figure 4, center).
Consistently, the average number of fetuses per litter was
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similar in both groups (8.10 + 0.19 in controls and 7.42 + 0.65
in the intermittent hypoxia group), indicating that males ca-
pable of impregnating females have sperm of sufficient quality
to produce normal litter sizes. There were no differences in the
number of resorptions per litter. As shown in Figure 4 (bottom),
the observed decrease in male fertility (both in number of preg-
nant females and fetuses) was not caused by a reduction in the

number of mating intercourses, because the number of copula-
tory plugs per female was similar in the normoxia and intermit-
tent hypoxia groups: 0.62 + 0.16 and 0.70 + 0.09, respectively.

DISCUSSION

This experimental study presents novel data supporting the
notion that a pattern of chronic intermittent hypoxia mimicking
OSA actually reduces male fertility. Interestingly, we found al-
teration in sperm motility even in the experimental series where
it was less expected. This was in the youngest mice in whom
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Figure 3—Progressive sperm motility (%) of young (top) and middle-aged
mice (bottom). Progressive sperm motility in young mice was decreased
after intermittent hypoxia from 31.5 £ 3.5% in normoxia to 22.9 + 1.8%
in the 30-day intermittent hypoxia group (P < 0.04). In middle-aged mice,
progressive sperm motility was reduced from 27.0 + 6.4% in controls
to 12.8 £ 1.8% in the 60-day intermittent hypoxia group (P = 0.04). N,
normoxia; IH, intermittent hypoxia.

sperm quality is unaffected by aging,> subjected to only 30
days of intermittent hypoxia, which is slightly below the ~40-
day duration of spermatogenesis in mice.** Moreover, the most
relevant result was the decrease in offspring observed in the
animals that more realistically mimicked the clinical conditions
of patients with OSA: middle-aged mice subjected to a long
duration, chronic, intermittent hypoxia.

Previous experimental studies on the effects of hypoxia on
sperm quality were carried out under continuous hypoxia*”**
or when the animals were subjected to alternate periods of nor-
moxia and hypoxia, lasting several days each, to simulate pro-
cesses of cyclic adaptation to low and high altitudes.?*' These
studies reported testicular/sperm oxidative stress and other
histological/anatomical alterations induced by low-oxygen
concentration in the air. However, data obtained under constant
or extremely low-frequency alternating hypoxia did not pro-
vide information on the potential effect of the high-frequency
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Figure 4—Pregnant females per mating (%) (top), average of fetuses per
mating (middle), and copulatory plugs per male (bottom) after the mating
trial. The number of pregnant females per mating was higher (P = 0.04) in
the control group (0.72 £ 0.16) in comparison with the intermittent hypoxia
group (0.33 £ 0.10). The number of fetuses per mating was reduced in
the intermittent hypoxia group (2.45 + 0.73) in comparison with controls
(5.80 + 1.24) (P = 0.025). No differences were found in the number of
copulatory plugs per female: 0.62 + 0.16 in normoxia and 0.70 + 0.09 in
intermittent hypoxia group. N, normoxia; [H, intermittent hypoxia.

intermittent hypoxia characterizing OSA on male fertility.
Therefore, the experimental approach in the current study
was specifically addressed to this end. Indeed, the hypoxic
breathing pattern imposed to the mice was of considerable, but
in no way exceptional, severity, being similar to the typical
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hypoxic paradigm employed in experimental OSA research.®**
Moreover, to better characterize the entire process involved
we investigated variables at different levels in the pathophysi-
ologic cascade. First, we documented that intermittent hypoxia
actually translated into high-frequency hypoxia/reoxygenation
events in the testicular tissue (Figure 1). Second, associate
oxidative stress at the testes was assessed by conventional bio-
markers (Figure 2). Third, we found a subsequent loss of sperm
progressive motility (Figure 3). And finally, actual reduction in
male fertility was documented by mating tests (Figure 4).

Local occurrence of hypoxia/reoxygenation events at the tes-
ticular level, a direct consequence of the intermittently hypox-
emic blood supply, should be considered the main cause of the
subsequent spermatic alterations observed. Testicular PtO, was
measured by means of an electrochemical microcatheter pro-
viding excellent resolution for this application: small sample
area observed and fast time response (50-um diameter, 90%
response time < 2 sec).* In fact, this tool has been previously
used to measure PtO, in other tissues (brain, muscle, fat, liver)
in rodent models of OSA.>'** Interestingly, the ~12 mmHg
baseline value we obtained in mice testes agrees with previous
data in other species such as rat, rabbit, sheep, and dog.>>>" This
figure of testicular PtO, is clearly below the oxygenation levels
characterizing other tissues: in fact, different reports indicate
that PtO, at the testes is around half the value in most relevant
tissues.*® The fact that the testes work at a relatively hypoxic
level has been attributed to a high oxygen extraction because
of the metabolic demands of spermatogenesis, and because the
testes have reduced ability to increase blood flow.* Accord-
ingly, the testes could be particularly sensitive to the intermit-
tently O,-desaturated blood supply typical in OSA, as reflected
by the considerable magnitude of the PtO, swings caused by
recurrent hypoxia (~4 mmHg nadir; Figure 1) with potential
important consequences on the process of spermatogenesis and
hence fertility.

A wide variety of endogenous and exogenous factors are
known to generate a state of oxidative stress in testis (e.g., heat
stress, varicocele, diabetes, infections, hypoxia).* It has been
reported that the mechanism by which continuous hypoxia af-
fect at the testicular level is probably mediated by inducing
oxidative stress owing to an increase in reactive oxygen spe-
cies formation and impairment in the oxidative defense mecha-
nisms, contributing to damage in the spermatogenic cells and
apoptosis.*® During this process up-regulation of hypoxia and
oxidative stress related genes are present.*° However, in our in-
termittent hypoxia experiment, two of the three oxidative stress
markers analyzed (Gpx1 and Sodl) were underexpressed in
the testes of intermittent hypoxia-treated males, indicating that
the oxidative protection is compromised in a different way to
the continuous hypoxia. Unlike continuous hypoxia that pro-
duce germ cell damage and apoptosis, our intermittent hypoxia
model only produces a reduction on progressive sperm motility
and fertility.

To reduce the generation of ROS, testes have developed a
complex antioxidant system, and the induction of oxidative
stress in the testes precipitates a response characterized by in-
duction of mRNA species for SOD, GPx, and glutathione-S-
transferase (GST) activities.* They produce a rapid conversion
of superoxide anion (O,".) to hydrogen peroxide (H,0,) in the
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presence of SOD in order to prevent the former from partici-
pating in the formation of highly pernicious hydroxyl radicals.
The H,O, generated in this manner is a powerful membrane
permeant oxidant and in order to prevent the induction of oxi-
dative damage to lipids, proteins, and DNA, they have to be
rapidly eliminated from the cell. The elimination of H,0, is
either effected by catalase or glutathione peroxidase, with the
latter predominating in the case of the testes.*** We think that
in our experiment the level of catalase could not be affected
because of its limited importance in the testis.

The reduction on Gpx1 and Sodl expression could be re-
lated to the reduction on both progressive sperm motility and
fertility (reduction of pregnant female). However, the average
number of fetuses per litter was not affected in the intermittent
hypoxia group, indicating that males capable of impregnating
females have sperm DNA of sufficient quality to produce
normal embryos. In agreement with our results, it has been re-
ported that Sod1 knockout mice (Sod/-KO) sperm has a lower
fertilizing ability than wild-type sperm in vitro; however, once
fertilized, the embryos developed normally to the blastocyst
stage.* Interestingly, progressive sperm motility of Sod/-KO
mice declined during sperm incubation in a drop medium, and
lipid peroxidation products adversely increased in Sod/-KO
sperm.® Recently, it has been also published that the Sod-KO
mice have zero in vivo fertilization success in sperm competi-
tion trials that pit them against wild-type males and are almost
completely infertile when mated singly with females of a dif-
ferent genotype.** Moreover, in agreement with our intermit-
tent hypoxia mice, Sod1-KO mice did not differ in their mating
behavior. We suggest that the oxidative insult caused by the
intermittent hypoxia in the testis is caused by reduction in some
antioxidant enzymes that result in decreased sperm progressive
motility and sperm-fertilizing ability without affecting other
reproductive characteristics such as sperm production, sperm
DNA quality, or matting behaviors.

Data in this study strongly suggest that the local effect of
intermittent hypoxia—via oxidative stress—in the tissues di-
rectly involved in spermatogenesis could reduce male fertility.
However, it could also be possible that intermittent hypoxia af-
fects local or systemic mediators that play a role in modulating
fertility. Indeed, testosterone and follicle-stimulating hormone
are the two major endocrine signals that act in the testis to
regulate spermatogenesis efficiency. Testosterone is produced
by Leydig cells present in the interstitial space of the testis be-
tween the seminiferous tubules and then diffuses into the tu-
bules. Because testosterone is produced locally by the Leydig
cells, testosterone levels in the testes of men and rodents are
25-125-fold higher than that present in serum.* However, the
physiological necessity for high levels of testosterone in the
testis is not well understood. Although these high intratesticular
testosterone levels may be required to quantitatively maintain
maximum spermatogenic potential, qualitatively normal sper-
matogenesis can be maintained with much lower intratesticular
concentrations*® and the bioavailable testosterone in the testis
greatly exceeds the 1 nM that is required for regulation of gene
expression via androgen receptor (AR) binding to gene pro-
moters.?’ In addition to the classic model of testosterone and
AR actions that were centered on the Sertoli cell, testosterone
actions in other cell types including peritubular myoid cell
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and vascular smooth muscle cells are increasingly being found
to affect processes that occur in the seminiferous tubules.*®
Nevertheless, how intermittent hypoxia per se may affect tes-
tosterone levels in OSA remains unclear from clinical data
because of confounding factors such as age, obesity, or sleep
disruption. Contrary to data clearly demonstrating a decrease
in testosterone concentrations in sleep deprived male rats,*-°
the evidence available from animal research on the effect of
hypoxia (continuous or intermittent) on sexual hormones is
not conclusive because increase,’! decrease,” and no change®
in serum testosterone concentration after hypoxia application
have been reported. Therefore, the lack of data on the specific
role of testosterone on the fertility of males subjected to in-
termittent hypoxia, a limitation of the current study, deserves
further investigation.

Although OSA has been reported to induce alterations in
male sexual function including decreased libido and erectile
dysfunction in both animals® and in patients,** > potentially
modulated by testosterone changes,*® no data are available on
fertility. In addition to recurrent hypoxia-reoxygenation events,
male patients with OSA experience other challenges that could
negatively affect sperm quality and fertility. One of these po-
tential challenges is directly linked to the nocturnal events in
OSA: disruption of sleep architecture caused by microarousals
accompanying most of the upper airway obstructive events.
However, the information currently available on the effects of
sleep alterations on male fertility is scarce. Whereas no sig-
nificant alterations in sperm parameters were found after ap-
plication of chronic sleep restriction in mice,* a recent study
showed an association between self-reported sleep disturbances
with poor sperm quality in young men from the general popula-
tion.*® However, one of the most important concomitant factors
potentially affecting male fertility in OSA is obesity because
these two disorders are very frequently associated.' It has been
reported that obesity per se is a factor that slightly but signifi-
cantly reduces fertility in otherwise healthy men.®*% Such an
effect of increased body mass index (BMI) on male fertility has
been attributed to several potential reasons. First, obese men
have abnormal reproductive hormone profiles that may impair
spermatogenesis.* Second, testicular heat stress may play a
role in obesity-related impaired spermatogenesis because the
effects of sitting posture increased in sedentarism—and fat ac-
cumulation in the areas surrounding the testis.®> Given that obe-
sity induces an increase in oxidative stress at systemic level,%
a third mechanism by which increased BMI may impair male
fertility is oxidative stress-initiated damage to sperm.®’ In fact,
an increased BMI was associated with a moderate augmenta-
tion in sperm DNA damage.®® Interestingly, oxidative stress in-
dependently induced by both excessive BMI and intermittent
hypoxemia could be synergistically deleterious for the fertility
of a substantial part of men suffering from OSA.

In conclusion, this experimental study provides proof of con-
cept on the negative effects of high-frequency intermittent hy-
poxia on sperm function. Subsequent research, both in animal
models and in patients, is required to substantiate whether male
patients with OSA would suffer from reduced fertility. On the
one hand, animal studies will be helpful in clarifying the hy-
poxic dose-response effects or in assessing whether treatments
with antioxidant drugs could reduce the deleterious role of
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intermittent hypoxia on reproductive health.® Moreover, animal
research combining intermittent hypoxia with experimental
models of other comorbidities typical of OSA (e.g., application
of experimental sleep fragmentation, and using obese, diabetic,
or hypertensive mice) could be useful to explore potential syn-
ergistic effects. On the other hand, patient studies should shed
light on a potential association between OSA and altered male
fertility. Specifically, to determine whether sperm quality as-
sessed by conventional seminogram is reduced in patients with
OSA and, if this is the case, whether the conventional index of
nocturnal oxygen desaturation (after correcting by other con-
founding factors such as obesity or sleep disruption indices)
plays a main role, and to explore whether treatment with con-
tinuous positive airway pressure would improve fertility. Fi-
nally, it is noteworthy that the number of patients potentially
affected by fertility problems associated with sleep breathing
disturbances is expected to increase because the rising overlap
between the time windows of paternal age and OSA prevalence.
Indeed, whereas fatherhood shows a sustained tendency to be
delayed,”’" OSA will be more prevalent in young patients
given the obesity epidemic.”>”* Specifically, current prevalence
estimates of moderate to severe sleep disordered breathing in
different general populations for the age interval more relevant
for male fertility range from 10% (age 30-49 y)' to 16% (age
30-39 y) and 35% (age 40-49 y).?
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